Abstract-We report on the characterization of narrow-bandgap (E g 0.4 eV, at 300 K) interband cascade thermophotovoltaic (TPV) devices with InAs/GaSb/AlSb type-II superlattice absorbers. Two device structures with different numbers of stages (two and three) were designed and grown to study the influence of the number of stages and absorber thicknesses on the device performance at high temperatures (300-340 K). Maximum power efficiencies of 9.6% and 6.5% with open-circuit voltages of 800 and 530 mV were achieved in the three-and two-stage devices at 300 K, respectively. These results validate the benefits of a multiple-stage architecture with thin individual absorbers for efficient conversion of infrared radiation into electricity from low-temperature heat sources. Additionally, we developed an effective characterization method, based on an adapted version of Suns-V o c technique, to extract the device series and shunt resistance in these TPV cells.
I. INTRODUCTION

A
BOUT two-third of the energy generated to power the world's machinery is lost as waste heat. The recovery of even a fraction of these large losses will have a significant environmental impact. Thermophotovoltaic (TPV) systems [1] represent an attractive technology that converts the otherwisewasted radiant energy from a heat source into useful electrical energy. TPV systems represent a clean, quiet (no moving parts), compact, and portable power source.
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Digital Object Identifier 10.1109/JPHOTOV.2017.2713415 Fig. 1 . Optimum bandgap and ultimate efficiency for photovoltaic conversion of energy as a function of heat source temperature. Calculations were carried out based on the theory of detailed balance limit for photovoltaic cells developed by Shockley and Queisser [5] . The heat source was assumed to have a blackbodytype radiation with a 2 π or 4 π solid angle.
heat has temperatures below 650°C. While TPV systems have some potential to recuperate part of this huge amount of energy loss (the energy loss could be as high as 60% in some industries), the efficient conversion of the radiant energy from these low-temperature heat sources requires narrow-bandgap TPV cells. The theoretical projections [3] , [4] of the ultimate efficiency for the photovoltaic conversion of energy, based on the model of Shockley-Queisser detailed balance limit [5] , reveal that the optimum bandgap of TPV cells for heat sources of 500-2000°C is in the range of 0.12-0.41 eV, with a maximum projected efficiency of 20-36%, respectively, as shown in Fig. 1 . In contrast to a conventional solar cell with a large mismatch between emission and absorption angles, TPV cells and heat sources can be arranged with minimized entropy loss to achieve enhanced power conversion efficiency, similar to concentrated solar cells. Furthermore, filters and selective emitters can be used for spectral control so that the thermal relaxation via phonons that occurs in a conventional solar cell can be minimized in a TPV system, possibly resulting in a high power efficiency (e.g., >80% in an ideal case) [6] and a shift of the optimal bandgap. For such spectral control benefits, some recent efforts [7] - [9] have been devoted to nanostructured materials and metamaterials to realize broadband absorbers and narrowband emitters. However, there has been surprisingly limited effort in advancing PV cells, which are the critical energy conversion component in TPV systems. The status of TPV cells has remained essentially 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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unchanged over the last decade. Also, most TPV cells employ a single junction structure based on GaInAsSb/GaSb [10] - [15] , [38] or InGaAsP/InP material systems [1] , [13] - [16] , [38] with an absorber bandgap (E g ) of 0.5 eV or above, which corresponds to a cutoff wavelength of 2.5 μm or shorter. This means that radiant photons with energies less than 0.5 eV are not utilized for energy production, even though they constitute a large percentage of radiation from a low-temperature broad-band heat source. Narrow bandgap materials are required to absorb those long wavelength photons and to achieve the optimal theoretical performance (see Fig. 1 ). This is especially important in waste-heat recovery applications, because there are more low-temperature radiant-heat sources available, for which TPV systems are less complex. Nevertheless, narrow bandgap materials have serious drawbacks including: a relatively small absorption coefficient, short diffusion length, low open-circuit voltage (V oc ), and difficulties in device passivation, resulting in poor conversion efficiencies [1] , [17] . These issues can be circumvented, or significantly alleviated, with the use of multiple-stage discrete absorber interband cascade (IC) structures [18] - [23] . In an IC structure with multiple stages, every individual discrete absorber in each stage is thinner than the diffusion length, while the sum of the absorbers lengths can be significantly longer than the diffusion length. As such, the absorption of incident radiant photons can be maximized and photogenerated carriers can be efficiently collected, resulting in a high V oc and thus improved conversion efficiency. The maximum achievable photocurrent in an IC structure is scaled down by a factor of N s (the number of stages) in exchange for a higher voltage (also proportional to N s ), which is advantageous for reducing Ohmic losses due to circuit resistance.
The multistage IC structure was originated from IC lasers (ICLs) using the InAs/GaSb/AlSb material system [24] , [25] . The demonstration of efficient continuous wave operation of ICLs at room temperature in the 3-6 μm midinfrared wavelength region and their availability as commercial products [25] , [26] suggest the suitability of these quantum-engineered narrow-bandgap structures for TPV applications. In an IC TPV device, the active region (i.e., absorber) is typically constructed with InAs/GaSb type-II superlattice (SL) to enhance the photon absorption [in contrast to thin quantum wells (QWs) for emission in ICLs]. The absorber in each stage is sandwiched between an electron barrier and a hole barrier, as shown in Fig. 2 . In each stage, the individual absorber thickness is varied to achieve current matching between stages, similar to the requirement for multijunction solar cells. The carrier transport between IC stages takes place via the type-II broken-gap band alignments between InAs and GaSb layers, rather than Esaki tunnel junctions; so that the series resistance between stages can be made negligible by careful engineering of the band alignments in different regions of the device structure. In this work, two IC structures with different numbers of stages were studied to gain further understanding of this new class of TPV cells.
It should be noticed that a similar type of photovoltaic device design based on intersubband quantum cascade (QC) structures has also been proposed [27] , [28] . QC structures utilize InP-or GaAs-based heterostructures, which tend to have higher material quality than the narrow-bandgap semiconductors needed for midinfrared optoelectronics. However, the short pslevel lifetime of the intersubband transitions in QC structures will severely limit the photovoltage. In contrast, the lifetime of interband transitions in IC structures is expected to be orders of magnitude longer at room temperature (>1 ns). We believe, with this longer lifetime, it will be more favorable to achieve high efficiency PV devices with IC structures.
II. DEVICE DESIGN, GROWTH, AND FABRICATION
The two TPV structures, one with two and the other with three stages, were grown by molecular beam epitaxy on unintentionally p-doped GaSb substrates. Both structures had identical electron and hole barriers, and SL composition for absorbers. The thickness of the individual absorbers was thicker in the optically deeper absorbers so as to achieve photocurrent matching between stages. As shown in Fig. 2 , the absorbers in the twostage devices were 570 and 644 nm thick. The additional stage in the three-stage device had a 741-nm-thick absorber. In both structures, the electron barrier consisted of three GaSb/AlSb QWs with a thickness of 23.3 nm and the hole barrier was made of seven InAs/AlSb QWs with a thickness of 47.4 nm. The bandgaps of the electron and hole barriers (>0.5 eV) are substantially larger than the bandgap of the SL absorber. Each period of the SL absorber consisted of four layers: InAs (20Å), GaSb (15Å), Al 0.2 In 0.8 Sb (7Å), and GaSb (15Å). The thin AlInSb layers, inserted in each SL period, were to reduce the SL miniband width and to make the SL bandgap near 0.4 eV. Further details on the band structure and modeling are provided in an earlier report in which these structures were considered for photodetectors [29] . The two wafers were processed into square mesa devices with dimensions from 50 to 1000 μm using conventional contact UV photolithography and wet etching. An RF-sputter deposited two-layer passivation (Si 3 N 4 then SiO 2 ) was used for improving overall stress management and minimizing pin holes, and sputter-deposited Ti/Au layers provided top and bottom contacts. Finally, the devices were mounted on heat sinks and wire bonded.
III. DEVICE PERFORMANCE AND DISCUSSION
A. Quantum Efficiency
The device external quantum efficiency (EQE) was measured using an FTIR spectrometer and a calibrated blackbody radiation source with a temperature of 800 K (aperture radius: 0.76 cm). Fig. 3 shows the EQE spectra for representative devices from the two-and three-stage ICTPV cells for 300-340 K. From these curves, the device bandgap was ∼390 meV (∼380 meV) at 300 K (340 K), which corresponds to a 100% cutoff wavelength of 3.2 μm (3.3 μm). At the wavelength of 2.1 μm, where the maximum EQE was obtained, the EQE was 26% and 22% in the twoand three-stage ICTPV cells, respectively. The lower EQE in the three-stage devices is attributed to mismatch of photocurrent between the different stages. The mismatch is small at wavelengths longer than 2.5 μm, where the EQE was significantly lower than the peak values, due to the relatively thin individual absorbers. For instance, at 2.81 μm, the EQE was 12% and 11% in the twoand three-stage devices, respectively. Consequently, the particle conversion efficiency (PCE = N s × EQE for the current matched case) (about 24% and 33% at 2.81 μm for the two-and three-stage devices, respectively), which is a measure of how efficiently the incident photons are converted to photocurrent in any of the stages [23] , is significantly lower than the theoretically projected maximum values of 69% (as estimated by accounting a reflection loss of 31% from the incident beam on the top surface). Thus, at these long wavelengths, still additional stages are required to fully absorb incident photons. Because the bandgap is reduced with increasing temperature, the absorption coefficient becomes larger. Consequently, the EQE may be enhanced if the individual absorber thickness remains shorter than the diffusion length at elevated temperatures, and current matching is maintained. As shown in Fig. 3 , the EQE at these long wavelengths did not decrease with increasing device temperature up to 340 K in both the two-and three-stage devices. This implies that the device diffusion length could be comparable to, or longer than, the thickest absorber (741 nm) in three-stage devices up to this temperature and current matching between stages was roughly maintained at these long wavelengths. Thus, increasing the total absorber thickness by incorporating more stages in the device structure along with improved current matching is a feasible approach to enhance the absorption, and thus achieve a high PCE at wavelengths close to the bandgap.
B. Photovoltaic Characteristics 1) Measurement Setup:
Because thermalization and belowbandgap losses are significantly reduced in a TPV system with selective emitters (or narrow-band filters), to minimize the influence of these two loss mechanisms on the device efficiency, a type-I ICL [30] was employed to mimic the characteristics of a selective emitter with narrow emission spectrum (see Fig. 3 ). This laser was operated at ∼80 K to deliver high output power at an emission wavelength of 2.81 μm (441 meV) that closely matches the bandgap of the TPV cells at 300-340 K and minimizes below-bandgap and thermalization losses in this configuration. Photocurrent matching is maintained under laser illumination at the wavelength of 2.81 μm, which is important for the optimal operation of these IC PV cells and relevant discussions as follows.
To exclude the influence of parasitic resistances associated with the measurement setup (e.g., test cables, wirings inside the cryostat, and bonding wires), a four-wire circuit arrangement [31] was used to collect the device I-V characteristics under different illumination levels.
2) J-V Characteristics Under Laser Illumination:
The performance of ICTPV devices was investigated under different illumination levels from the ICL. Fig. 4 shows the current density-voltage (J-V) characteristics of representative devices from two-and three-stage ICTPV wafers at 300 and 340 K under the highest available level of laser illumination. At 300 K, the maximum short-circuit current density (J sc ) and V oc for twostage (three-stage) devices were 50 A/ cm 2 (44 A/ cm 2 ) and 530 mV (800 mV), respectively. The voltage efficiency (
) was 64% in both ICTPV cells. The fact that V oc exceeded the single bandgap value (E g /q) in both two-and three-stage devices, along with the higher V oc in the three-stage devices, is indicative of an effective cascade photovoltaic action in both wafers. Note that the device J sc was increased by raising the device temperature (up to 340 K) in both wafers under the same laser illumination level, which is consistent to the temperature dependence of the EQE (see Fig. 3 ) and supports the efficient collection of photogenerated carriers at high temperatures. Larger J sc at higher temperatures was attributed to the bandgap narrowing in III-V semiconductors with increasing device temperature. Note that the device V oc was reduced to 445 mV (666 mV) in the two-stage (three-stage) ICTPV devices at 340 K owing to increased dark currents (i.e., J 0 ) at higher temperatures. For comparison, J-V characteristics of these devices at 300 K under the lowest level of laser illumination are included in Fig. 4 and show smaller J sc and V oc .
3) Fill Factor: It is instructive to compare the influence of the number of stages and the device J sc on the fill factor (FF) and the efficiency of two-and three-stage ICTPV cells. FFs for selected devices from both wafers were calculated under different laser illumination levels for device operation at 300-340 K. At 300 K, the maximum FF was 51.8% and 53.3% in two-and threestage devices, respectively. Overall, at each illumination level, FF was larger in three-stage devices at various temperatures compared to that of two-stage devices, as shown in Fig. 5 . The higher FFs under various illumination levels in the three-stage cells could be attributed to lower series resistance losses (since J sc was lower in the three-stage device) and/or the photocurrent mismatch that was observed between the different stages. This higher FF was observed previously in photocurrent-mismatched multijunction solar cells [32] , [33] . It was also observed that the FF nearly saturated in the three-stage devices when increasing the illumination intensity. However, FF decreased somewhat in the two-stage devices at high illumination levels. This decrease of FF at high illumination levels could be related to the larger J sc and consequently higher Ohmic losses in two-stage devices.
4) Efficiency:
The most meaningful metric to compare the performance of different ICTPV structures is the power conversion efficiency. Conversion efficiency is defined as the ratio of the maximum output power (MP) (V oc I sc FF) to the total input power incident on the TPV cell. The main difficulty in assessment of the device conversion efficiency in our setup was an accurate determination of the radiant power received by the TPV cell. These difficulties are associated with the nonuniform and divergent beam of an edge-emitting laser. A simple, yet effective, approach to estimate the incident optical power is to incorporate the relation between the device EQE (at the laser emission wavelength) and measured photocurrent I ph (formed by photogenerated carriers) to estimate the incident power on the device surface. Therefore, the incident optical power (P inc ) on the top surface of a TPV cell can be assessed by
which is linearly proportional to the photocurrent I ph , where λ laser is the laser emission wavelength (in μm). By knowing the incident power, we can calculate the device conversion efficiency by the following equation:
where I sc is the short-circuit current, which is slightly smaller than I ph due to series resistance, as discussed in Section III-C. The plots of the device V oc , maximum output power, and efficiency versus J sc are presented in Fig. 5 , for both two-and three-stage devices at 300 K, where J sc effectively depends linearly on the light intensity. The maximum conversion efficiency was 6.5% (9.6%) in the two-stage (three-stage) ICTPV cells at this temperature. These values are the highest conversion efficiencies obtained to date for ICTPV cells at room temperature. Note that the conversion efficiency was ∼48% higher in the three-stage devices compared to two-stage ICTPV cells, which is a clear evidence of the superior performance of a three-stage device and validates the benefits of having more stages and the multiple-stage architecture for narrow-bandgap TPV cells.
As can be seen in Fig. 5 (bottom panels), the device efficiency saturated at high illumination levels (J sc ) and started to exhibit a minor roll over at higher illumination levels in both two-and three-stage devices. However, this fairly small efficiency drop at high illumination level was lower in three-stage ICTPV cells (1.1%) compared to that of two-stage devices (4.6%). It is speculated that the lower J sc , higher V oc , and consequently lower Ohmic losses in three-stage devices is the key factor behind this behavior. Because the thermalization and below-bandgap losses are minimal, when a closely matched laser (between laser emission and the device cutoff wavelengths) is used for illumination, higher conversion efficiencies are expected through the reduction of parasitic losses associated with the device shunt and series resistances (see further discussion in the next section). The summary of the photovoltaic performance characteristics of representative devices from both wafers is presented in Table I .
C. Shunt and Series Resistance in ICTPV Cells
1) Series Resistance:
Parasitic resistances, especially series resistance, are detrimental to performance in concentrated photovoltaic and TPV cells. This is mainly associated with Ohmic losses that are proportional to the square of the device current. As such, high currents (which are typical in TPV cells) exacerbate the Ohmic losses and reduce the maximum achievable efficiency. Various numerical and empirical techniques have been developed to extract the device shunt and series resistance in solar cells [31] . Among them, the method of Suns − V oc [34] , [35] has been the most versatile, convenient, and yet reliable approach. This method is applicable to any type of photovoltaic cells regardless of their series resistance value. The Suns − V oc technique is a refined version of an earlier approach that was first proposed by Swanson in 1960 and was later published by Wolf and Rauschenbach in 1963 [36] . Below, we describe how the Suns − V oc method was extended to ICTPV devices.
Under the open-circuit condition, the device current-voltage (I-V) relationship can be written as [20] , [23] , [37] 
where I 0 , q, k B , T, R sh , and n m are saturation current, electronic charge, Boltzmann constant, absolute temperature (K), shunt resistance, and a modified ideality factor, respectively. Here, n m incorporates the voltage partition effect on individual cascade stages and is approximately proportional to N s . In an ideal current-matched device, voltage variation over every individual stage is not evenly distributed because of the different absorber thicknesses, and the open-circuit voltages are somewhat smaller in the thicker and optically deeper stages [23] .
Thus, n m involves a weighted average effect of voltage [37] over all cascade stages. As can be seen in the above-mentioned equation, the device V oc is not affected by its series resistance. Therefore, a plot of I ph − V oc that has been constructed under different illumination levels represents the device I-V when the series resistance is not present. Moreover, a comparative analysis of the device measured I-V versus the constructed I ph − V oc curve will reveal the device series resistance. Although, this method is only applicable to cells with sufficiently large shunt resistance or at high illumination levels, where the shunt resistance influence is minimal. Since the influence of the device series resistance on its J sc becomes substantial at high illumination levels, the J sc is not an accurate measure of the device photocurrent under this condition and will underestimate the device photocurrent. For this reason, care must be taken in use of the Wolf and Rauschenbach method in cells with large series resistance or under high illumination. This issue has been resolved in Suns − V oc technique, where a calibrated solar cell with low series resistance is utilized to measure the incident power falling on the device under test. According to the superposition theorem, as long as a linear relation between the device photocurrent and the incident power is ensured, a so-called implied I-V curve can be formed using the following equation [35] :
where I t denotes the implied terminal current at each V oc and P n is the incident power normalized to one sun. The main drawback with this method is the difficulty in determining the device I sc . Typically, I sc is assumed or calculated from the theoretical model of the cell. Because of the voltage drop on the device series resistance R s , the first current term
in the diode equation equals zero at a negative terminal voltage rather than at zero voltage. This is the reason behind the discrepancy between the device I sc and I ph when series resistance is present. However, the device I-V eventually (under reverse bias) exhibits a nearly flat region (see Fig. 4) , where the terminal current is equal to the device I ph . As can be inferred from the diode equation, the terminal voltage is equal to the voltage drop on the series resistance (V m = R s · I) and the device voltage (V D ) approaches zero at a certain reverse bias. At this point, the exponential term in the diffusion current equation cancels out with the saturation value (I 0 ). With further reverse bias, the exponential term vanishes and the first current term (in parentheses) approaches the saturation value (I 0 ). Because I ph is orders of magnitude larger than I 0 in a practical cell, the device I-V curve exhibits a negligible change with further reverse bias and the terminal current will approximate the device I ph .
From Fig. 4 , it is evident that the device I-V curves were affected by its series resistance at high illumination levels in both two-and three-stage ICTPV cells. Therefore, I sc was not an appropriate measure of the device I ph . To have a better assessment of the device I ph , the photocurrent was extracted from the device I-V under reverse bias, where the device I-V exhibited a nearly saturated current. Additionally, (4) was modified to incorporate the extracted photocurrents in the implied I-V curves:
where I ph,max is the maximum photocurrent that was achieved under different laser illumination levels and I ph denotes the corresponding photocurrent at each illumination level. The implied terminal current from this equation along with the measured V oc at different illumination levels was used to construct the implied I-V curves. Fig. 6 shows the implied and measured I-V curves for representative devices from the two-and three-stage wafers at 300 K. By obtaining the voltage difference ΔV at a current I m for the implied and measured I-V curves, the series resistance R s is extracted using ΔV = I m ·R s , as shown in Fig. 6 . The device series resistance decreased by raising the device temperature in both two-and three-stage ICTPV cells. For example, R s was 9.3 Ω (12 Ω) in two-stage (three-stage) devices at 300 K decreasing to 8.7 Ω (11. Ω) at 340 K. The extracted series resistances are also provided in Table I for 300 and 340 K. Note that R s was larger for devices from the three-stage wafer compared to two-stage devices at all measurement temperatures. Higher series resistance in three-stage TPV cells was attributed to larger bulk series resistance (probably from the extra absorber in the three-stage device) and possible resistance associated with carrier transport between stages (due to energy level misalignments in the device's band structure), as was speculated from the bias dependence of photoresponse in devices from both wafers [29] .
2) Shunt Resistance: Similar to the device series resistance, various fitting and experimental methods to extract the device shunt resistance have been reported [31] . However, the uncertainty involved in the fitting of various parameters of the device I-V may produce misleading results and requires careful consideration. Here, we follow a simple approach presented in [31] for the extraction of the device shunt resistance.
As stated in the previous section, the device I-V can be described by (4) under open-circuit condition. The exponential term in this equation can be neglected at very low light illumination levels (since V oc is small under this condition) and the device I-V is simply described by
Thus, a linear relation exists between the device photocurrent and the open-circuit voltage under low illumination conditions and the slope of the linear fit of the I ph − V oc curve characterizes the device shunt resistance. Moreover, because of low illumination levels the device series resistance has negligible influence on the device I − V and it is safe to assume I ph = I sc . Fig. 7 shows the plots of V oc versus I sc for representative devices from the two-and three-stage ICTPV cells under low illumination levels at 300 K. As can be seen in this figure, a linear relation exists between the device I sc and V oc . Shunt resistance for representative devices from the two wafers is also presented in Table I . For a 200 × 200 μm 2 device, R sh was 5.0 and 9.0 kΩ in two-and three-stage devices at 300 K, respectively. The device shunt resistance decreased with increase in device temperature for both wafers. And, R sh was larger in the three-stage compared to the two-stage TPV cells at all the measurement temperatures and for all different device sizes.
IV. SUMMARY AND CONCLUDING REMARKS
Two ICTPV devices were designed and grown to investigate the influence of the number of stages and absorbers thickness on the device performance. These two-and three-stage ICTPV cells had a bandgap of ∼0.4 eV at 300 K. The three-stage devices demonstrated considerably higher conversion efficiencies compared to the two-stage devices for 300-340 K, which validates the advantages of a multiple-stage architecture with more stages at high temperatures.
Also, an effective method of characterization to extract the device shunt and series resistance based on the Suns − V oc technique was developed. The series and shunt resistance in these ICTPV devices were not optimum for concentrated TPV systems as indicated by the reduced FF and efficiencies in both two-and three-stage TPV cells under high illumination levels. Further work is required to improve the device design and fabrication to achieve reduced series resistance and increased shunt resistance (e.g., from sidewall leakage). However, our studies of narrow-bandgap ICTPV cells promise great potential for devices with IC architectures to efficiently convert the heat radiation from relatively low-temperature sources into useful electrical power.
